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The structures and surface chemistry
of commercially important solids
(including semiconductors, nonlinear

optical materials, and catalysts in the form
of metal oxides, glasses, and ceramics) are
critical to solving technologically signifi-
cant problems in the chemical,
automobile, electronics, and aero-
space industries, among others. The
structures and electronic proper-
ties of these materials and their
behavior at surfaces and interfaces
are of particular interest to indus-
try. Computational methods, espe-
cially quantum mechanical model-
ing (the most fundamental chemical
simulation method), can provide
valuable insight.

Computational or in silico mate-
rials science helps to optimize prod-
ucts and process design, solve key
research problems, and reduce
expenditure of time and resources
throughout the R&D process. More-
focused experimentation can be
achieved using calculations and
modeling to provide a fundamental under-
standing of the chemical reactions involved.
Thus, researchers can spot “nonstarters”
before experimental resources are wasted,
and they can design tailor-made materials
and processes for specific applications.

Scientists and engineers work toward
these goals by applying and combining
validated methods such as molecular
mechanics, quantum mechanics, mesoscale
modeling, analytical instrument simula-
tion, and statistical correlations.

Tools of the Trade
Software can provide valuable information,
such as the thermodynamics and ener-
getics of a process, at a relatively low cost.
For example, the time and cost of the devel-
opment of new catalysts can be signifi-
cantly reduced. In addition, catalysts can

be designed accurately to satisfy constraints
such as reaction rates or environmental
restrictions.

There is a strong emphasis on quan-
tum mechanical calculations in order to
understand reaction mechanisms and the

role of the individual reaction components.
These techniques are used to study the
electronic structure and interactions with-
in a material to understand and predict
its properties. 

First-principles quantum mechanical
software tools, for example CASTEP and
DMol3 (Accelrys, www.accelrys.com), are now
able to perform electronic structure calcu-
lations on models of sufficient size and
complexity to represent the chemistry occur-
ring at inorganic surfaces. CASTEP, a tool
for modeling periodic systems (systems,
including crystals, in which one structur-
al unit repeats many times), is useful for
addressing solid-state physics problems
including bulk properties and electronic
structures. DMol3, a software tool that can
model both periodic and finite (nonre-
peating) systems, is useful for simulating

chemistry on surfaces and for modeling
large systems. Semiempirical and molecu-
lar mechanical computational tools enable
the study of a large number of systems such
as a group of reaction process candidates,
or they can simulate single systems with
a large number of atoms, to better repre-
sent real-world situations. Combining semi-
empirical and molecular mechanical tools
with quantum mechanical tools makes it
possible to predict properties and simu-
late processes accurately and quantitatively. 

The Origin of
Superconductivity in MgB2
Quantum mechanical calculations
have been used to study and predict
properties for many materials of
interest to the electronics industry,
an important factor in process devel-
opment, but they have also been
used to answer questions at the
cutting edge of electronics theory.

For example, Jun Akimitsu’s
discovery (Aoyama-Gakuin Univer-
sity, Tokyo, www.bb.aoyama.ac.jp)
of superconductivity in MgB2 at 39
K has stimulated a great deal of
research on the superconducting
behavior of this intercalated graphite-
like system (1) (Figure 1). Super-
conducting materials are of consid-

erable interest to scientists because at
low temperatures they have zero resistiv-
ity and undetectable magnetic fields.

Sparked by Akimitsu’s discovery, Taner
Yildirim of the U.S. National Institute of
Standards and Technology’s Center for
Neutron Research (www.ncnr.nist.gov) and
colleagues used neutron scattering and
computational techniques to unlock the
structural secrets behind MgB2 super-
conductivity (2). They wondered whether
the superconductivity arose from the elec-
tron–phonon interactions observed in clas-
sical superconductors or if there was a
more exotic mechanism at work. (A
phonon is a quantum unit for measuring
acoustic modes of thermal vibration in a
crystal lattice.)

The researchers also studied the origin
of the high critical temperature (Tc) at
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FIGURE 1: Distribution of electron density in a distorted
MgB2 structure, indicating that this particle distortion could
act as an electron pump. (Figure courtesy of Accelrys. Used
with permission.)



which the superconducting phase transi-
tion occurs in MgB2. They realized that
materials that become superconducting
at temperatures closer to ambient would
have more practical uses than those that
require cryogenic temperatures.

Yildirim and colleagues used the densi-
ty functional theory (DFT) program CASTEP
(3) to perform quantum mechanical calcu-
lations, then compared the results with
experimental neutron-scattering measure-
ments. DFT expresses the total energy of
the system as a function (a type of real-
valued mathematical function, see http://
mathworld.wolfram.com/Functional.html for

more information) of the total electron
density (4). The researchers concentrated
on studying phonon anharmonicity (inter-
actions between sound waves, or phonons,
in a solid that affect its heat transfer
properties), pressure dependencies of the
phonon anharmonicity, and electron–
phonon coupling in MgB2.

The quantum mechanical calculations
gave excellent results, enabling the scien-
tists to report first-principles calculations

of the electronic band structure and lattice
dynamics for the new superconductor MgB2.
In their work, they pointed out that “the
excellent agreement between theory and
our inelastic neutron scattering measure-
ments of the phonon density of states gives
confidence that the calculations provide
a sound description of the physical prop-
erties of the system.” They found that “the
giant anharmonicity and nonlinear elec-
tron–phonon coupling revealed is key to
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Building a Smarter Tire

Modeling software has been used to
supplement and serve the R&D process
in, among other industries, the auto-
mobile industry. At Continental Tire
North America (www.conti-online.com),
for example, the molecular modeling
group has had a profound impact on
the success of several high-value proj-
ects within the company. 

Michael York, a chemist who has been
with the company for more than 20
years, explains, “There are ongoing Conti-
nental Tire projects which employ molec-
ular modeling to secure a competitive
edge in the marketplace. One project
involves bonding magnetic material into
the sidewall of a tire, which produces a
magnetic field for measuring wheel
speed, brake torque, and lateral force.
Metal does not naturally bond to rubber;
therefore, a new type of coupling agent
had to be designed. Computational
chemistry was used to design a mate-
rial with high affinity and specificity
for the magnetic compound. The results
were outstanding.”

These techniques drive, refine, and
sometimes even replace costly experi-
mentation, saving resources in the
process. The researchers used in silico
techniques to refine the curing process
used in manufacturing tire bladders (or
inner tubes), resulting in an increase
in the lifetime of the bladders.

York continues, “A refinement in our
process was directly initiated based
on the knowledge and understanding
gained from identifying the adverse
reaction by modeling. A saving of over
$1.5 million per year was realized.”



explaining the observed high Tc and large
boron isotope effect in MgB2.”

Modeling Chemical Vapor
Deposition
Adhesion at the interfaces between semi-
conductors, metals, and metal oxides is
essential to the integrity of many elec-
tronic components; the electronic and
atomic structure of those interfaces is crit-
ical to their function. Chemical vapor depo-
sition (CVD), a key technology in the elec-
tronics industry, is a process used to produce
thin, high-quality films with precise chem-
ical composition and structural uniformi-
ty for the manufacture of electronic devices.
Small amounts of a compound are deposit-
ed from the vapor phase onto a surface to
form a layer that is sometimes only a few
atoms deep. Quantum mechanical calcu-
lations can be used to model the interac-
tions at the surface of the materials.

Optimizing the CVD process conditions
(such as pressure, temperature, precursors,
and reactor configuration) for better control
of the film growth rate, uniformity, and
composition can be achieved using reac-

tor scale models. Such models require
detailed understanding of the deposition
chemistry, which can be achieved experi-
mentally. However, experiments with sili-
con wafers are expensive and time-consum-
ing. Thus, theoretical modeling offers an
attractive alternative to obtain the input
parameters for reactor scale models.

The understanding of gas phase chem-
istry by far exceeds that of the surface reac-
tion mechanisms. Understanding molecu-
lar interactions at surfaces is more
complicated from the experimental and
theoretical perspectives. The topography
and catalytic properties of semiconductor
surfaces greatly add to the complexity of
the problem. A comprehensive theoreti-
cal framework describing the surface depo-
sition is yet to be written. 

Silicon oxynitride appears in several elec-
tronics applications. Oxide–nitride–oxide
structures are widely used in dynamic random
access memory (DRAM) and electronically
erasable programmable read-only memory
(EEPROM) devices. The interfacial region in
such structures is silicon oxynitride.

Scientists from Motorola (www.motor

ola.com) and Accelrys have used Accelrys’s
DFT code DMol3 to study the deposition
of NO on a particular silicon crystal surface,
the planar Si(100) surface, which is com-
monly used as a substrate for the fabrica-
tion of commercial semiconductor de-
vices (5). The researchers hoped to obtain
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FIGURE 2: NO molecules deposited from the
vapor phase onto the (100) surface of a
silicon crystal form a silicon oxynitride
layer. Incompletely bonded silicon atoms at
the surface form covalently bonded pairs, a
process called a (2 × 1) surface reconstruc-
tion. (Figure courtesy of Accelrys. Used
with permission.)



a quantitative and qualitative description
of the initial NO deposition on the Si(100)
surface and the subsequent growth of the
silicon oxynitride film. 

To simulate more realistic conditions,
the computational model system used a (2
× 1) reconstructed surface, in which pairs
of Si atoms in the topmost layer form cova-
lent bonds with each other (Figure 2). Two
models of the Si surface were investigat-
ed: molecular clusters (the equivalent of

modeling a very small portion of a silicon
crystal) and “infinite” silicon slabs termi-
nated by hydrogen atoms to minimize

the computational effects of not having a
truly infinite surface.

The simulations revealed the existence
of a reaction path with a low-to-nonex-
istent barrier for breaking the N–O bond.
The reaction was found to proceed via
elementary steps that include the reduc-
tion of bonding between N and O, the break-
ing of Si–Si bonds, and the formation of
Si–N and Si–O bonds.

The study produced a better under-
standing of the oxynitride film structure,
energetics, and physical properties and is
a significant move toward being able to
fully model the processes involved in CVD.

A Model of a Modern Major
Industrial R&D Tool
In a world where companies constantly
strive to be one step ahead of the compe-
tition, R&D departments aim to improve
products to meet customer demands, reduce
costs by increasing process efficiency, and
be drivers for innovation and growth. 

With these goals in mind, researchers
and developers need to use all the tools
at their disposal to gain and retain a
competitive advantage. Computational tools
have enabled scientists to gain new insight
into key problems through modeling, and
these tools are becoming increasingly inte-
gral to solving materials science problems
in the real world. 
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Michael Francis is a materials marketing
specialist for Accelrys Inc. (www.accelrys.
com). Send your comments or questions
about this article to tcaw@acs.org or to the
Editorial Office address on page 3. ◆
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Computational tools 
have enabled 

scientists to gain new
insight into problems. 


